Student populations are diverse such that different types of learners struggle with traditional didactic instruction. Problem-based learning has existed for several decades, but there is still controversy regarding the optimal mode of instruction to ensure success at all levels of students' past achievement. The present study addressed this problem by dividing students into the following three instructional groups for an upperlevel course in animal physiology: traditional lecture-style instruction (LI), guided problem-based instruction (GPBI), and open problembased instruction (OPBI). Student performance was measured by three summative assessments consisting of 50% multiple-choice questions and 50% short-answer questions as well as a final overall course assessment. The present study also examined how students of different academic achievement histories performed under each instructional method. When student achievement levels were not considered, the effects of instructional methods on student outcomes were modest; OPBI students performed moderately better on short-answer exam questions than both LI and GPBI groups. High-achieving students showed no difference in performance for any of the instructional methods on any metric examined. In students with low-achieving academic histories, OPBI students largely outperformed LI students on all metrics (short-answer exam: P Ͻ 0.05, d ϭ 1.865; multiplechoice question exam: P Ͻ 0.05, d ϭ 1.166; and final score: P Ͻ 0.05, d ϭ 1.265). They also outperformed GPBI students on short-answer exam questions (P Ͻ 0.05, d ϭ 1.109) but not multiple-choice exam questions (P ϭ 0.071, d ϭ 0.716) or final course outcome (P ϭ 0.328, d ϭ 0.513). These findings strongly suggest that typically lowachieving students perform at a higher level under OPBI as long as the proper support systems (formative assessment and scaffolding) are provided to encourage student success.
SEVERAL DECADES AGO, problem-based learning (PBL) was introduced at McMaster University Medical School, and it challenged the fundamental pedagogical principles of science education and the teaching of physiology (4) . The success and popularity of PBL in medical education were noticed in the community of undergraduate education where its methods were adapted to this student population (47, 48) . This movement of teaching through problem solving resurrected the closely related method of guided inquiry-based learning (GIL), which conveys information to students through the process of scientific inquiry under more direct instructor supervision and guidance (13, 23) . Both PBL and GIL are rooted in the social constructivist theories of Dewey (10) , and both follow a cyclical process that reinforces and builds on information throughout the semester. Students are presented with a problem or question and a set of "what is known" data from which they will generate a hypothesis. At this point, the students are given new data and asked to use critical reasoning skills to rethink their original hypothesis and discuss it with the class. This process is dually beneficial for the students; they gain knowledge of the concepts discussed and develop skills in hypothesis generation and critical reasoning that develop throughout the semester and can be used throughout their career (Fig. 1 ). These methods are successful because many learners don't maximally benefit from traditional didactic instructional methods and instead prefer a more active learning style (42) . Recently, controversy has arisen regarding the effectiveness of PBL and GIL, labeling them as minimal guidance instructional methods (21) . These arguments possess two potentially fatal flaws. First, while these methods may vary in their level of instruction, there is always some degree of direct instruction coupled with significant scaffolding for student instructional support (5, 18, 37) . Second, the study in question selectively identified literature that supports the authors' claims while ignoring the wealth of evidence to the contrary (18, 21) . There exists a significant archive of literature that strongly supports and advocates for the efficacy of PBL and GIL in medical school, university, and secondary-school student populations (11, 19, 22, 31, 32, 40, 44) . There is a paucity of data, however, that addresses the specific level or degree of guidance best suited for these types of constructivist, discovery-based learning environments.
To address this, a required undergraduate core physiology course was designed with three different levels of instruction and predictions were made about potential student outcomes for each mode of instruction (Table 1) . Traditional lecture-style instruction has been proven to effectively transmit both knowledge and understanding to students but falls short in successfully training students with sufficient problem-solving skills (11, 41) . Constructivist learning models have been shown to be equally effective at conveying knowledge and understanding while also improving critical thinking skills and self-directed learning (19, 20, 22, 25, 39) . These previous studies, however, have not addressed how these methods work on different populations of students (i.e., low-and high-achieving students) and whether different levels of guidance, within a constructivist model, will affect these populations differently.
The present study investigated how undergraduate students with different levels of overall academic history responded to different modes of instruction in a required upper-level core animal physiology course. Both declarative knowledge and critical thinking skills were assessed by multiple-choice (MC) exam questions and short-answer (SA) exam questions, respectively.
MATERIALS AND METHODS

Instructional Groups
Different instructional groups and instructional methods were developed and labeled as follows: "lecture instruction" (LI), "guided problem-based instruction" (GPBI), and "open problem-based instruction" (OPBI). All students randomly selected the different instructional groups based on their time and availability of course scheduling and were unaware of the type of instruction offered before course enrollment. Wet laboratory instruction was also provided for all students, and the laboratory style instruction was not different for all groups. To control for classroom instructional ability, the same professor designed each instructional session and conducted the teaching for all sessions. Student cumulative grade point averages (GPAs) were not different between instructional groups at the onset of the course (P Ͼ 0.05). All course materials, such as recommended texts, access to PowerPoint materials, supplemental reading, website, and laboratory materials, were identical for all groups of students in the study.
LI group. The LI group consisted of 47 biology majors with a cumulative GPA of 3.29 Ϯ 0.53. These students were presented with information through traditional lecture-style classroom instruction by a full professor in the University of Kentucky's Department of Biology during 75-min instructional sessions held on Tuesday and Thursday over the 13-wk semester.
GPBI group. The GPBI group consisted of 38 biology majors with a cumulative GPA of 3.25 Ϯ 0.54. Instructional times for these students consisted of 75-min sessions that met 2 times/wk (Tuesday and Thursday) over the 13-wk semester. During class periods, students worked in small, randomly formed groups of three to four on guided activities and short timeframe tutorials (8 -10 min) designed to encompass the same concepts covered in the LI group. The instructor of these sessions had a significant role as a facilitator, providing selected content to students at the onset of the lesson and providing unsolicited guidance during their problem-solving activities.
OPBI group. This group contained 35 biology majors with a cumulative GPA of 3.40 Ϯ 0.53. The instructional design of this group was somewhat similar to the GPBI group but with marked and significant differences. Students randomly chose to work jointly in small groups of three to four on similar and sometimes the same activities provided to the GPBI instructional group. The major instructional difference of the OPBI group from the GPBI group was that no formal dissemination of information and guidance was provided during the initiation of OPBI problem-solving activities. Students were provided with a core question or series of core questions to begin the instruction. Information then was provided when solicited by students in working groups and was provided in a manner that directed students to explore and seek the type of information required for problem-solving activities and core questions.
Randomization of Subjects and Grading
All students enrolling in BIO 350: Animal Physiology at the University of Kentucky chose one of seven sections. Each section was assigned one of the three instructional treatment groups (LI group: 3 sections; GPBI and OPBI groups: 2 sections each). During the enrollment process, students were unaware that different teaching methods would be used in different sections. At the beginning of the course, all students were informed of the study and completed an informed consent. Once informed, students were given the opportunity to switch sections if they preferred an alternate teaching methodology, although no students exercised this option.
All exams and assignments were graded blindly. MC questions were graded by Scantron scanners and entered into a database by a graduate teaching assistant. SA questions were all graded by the professor in charge of the course. Student names and section numbers were replaced with an unidentifiable eight-digit code on all exam forms, and exams were shuffled so that they were in a random order and unidentifiable by instructional group. Answer rubrics were generated for each SA question, and questions were graded in numeric order with each question for all exams completely graded before advancing to the next question to be graded. Upon completion of grading, a graduate teaching assistant resorted the exams by section number, decoded student names, and entered scores into a database.
Assessment
Summative assessment. Student performance was summatively assessed by three exams that were 50% MC and 50% SA questions. Students from all three instructional groups (LI, GPBI, and OPBI groups) took the same exams on the same days. On exams 1 and 2, there were 60 possible points for MC questions and 65 possible points for SA questions. Exam 3 had 80 possible points for both MC and SA questions. The concepts covered on each exam are shown in Table 2 . Exam 1 focused primarily on cell physiology, membranes and membrane potentials, and neuronal function. Exam 2 was the largest unit in terms of overall physiological content and concepts. This unit consisted of skeletal muscle contraction, cardiovascular, renal, and blood pressure control. In exam 3, the major focus was on respiration, acid-base balance, and endocrinology and reproductive physiology. All exams consisted of 1/3 Bloom's taxonomy level 1/2 questions, 1/3 Bloom's level 4/5 questions, and 1/3 Bloom's level 8 or greater questions. The week before final exams consisted of a short discussion of digestion and a more complete component of nutrient and energy balance. It is important to note that all exams were cumulative and included conceptual aspects from previous units. This method of assessment was used to support the different instructional modalities, thereby forcing students to continually incorporate conceptual understandings of physiology in a holistic manner.
Formative assessment. The LI group had no ongoing or specific formative assessment conducted between exams. In the GPBI and OPBI groups, students engaged in daily, nongraded activities and class discussions. Activities and class discussions by group did allow the instructor significant indications of conceptual areas requiring reinforcement or, in some cases, further instruction.
Identification of Academic Performance Groups
To investigate the influence of these different instructional methods on physiology students with different overall academic proficiencies, students were divided into three subgroups within each instructional group (Table 3) . High-achieving students were defined as students with a cumulative GPA of 3.6 or higher at the onset of the course, average-level students began the course with a cumulative GPA Fig. 1 . Problem-based learning is a cyclical process where practices and concepts learned in one exercise must be reused and reinforced in subsequent activities. between 3.0 and 3.6, and low-achieving students were defined as students with a cumulative GPA of 3.0 or less at the course onset. Students of all achievement levels were integrated into each instructional group and received the same instruction.
Statistical Analysis
Exam and final course score are presented as means Ϯ SE of total points earned. When LI, GPBI, and OPBI groups or high-, average-, and low-achieving students were compared, we used either one-way ANOVA with Student-Newman-Keuls post hoc analysis (for normally distributed data) or Kruskal-Wallis ANOVA on ranks with Dunn's test for post hoc analysis (for data not normally distributed). Effect size between groups was calculated with Cohen's d. All data are presented as means Ϯ SE unless otherwise noted. The 0.05 level of probability was used as the criterion for significance in all data sets. • A combination of instructor-directed and student-directed learning • The instructor is more hands on, providing content to students and providing unsolicited guidance during the problem-solving activities • Use of formative assessment to identify problem areas for improvement • Hands-on laboratory to reinforce core concepts
• Student-directed learning • Instructor is more hands off, providing guidance to students only when requested • Use of formative assessment to identify problem areas for improvement • Hands-on laboratory to reinforce core concepts
Assumptions about learning • Students benefit most from systematic dissemination of content by an expert
• Students will benefit most from problem-solving exercises if the necessary information is given to them by an instructor and they are guided through the problem-solving process
• Students will benefit most if challenged to seek out the information needed to solve real-world problems
Motivations • Feedback control systems 
RESULTS
General Student Population Exam Performance by Instructional Group
Student performance on MC questions for all three exams and averaged MC scores are shown in Fig. 2A . OPBI students scored significantly higher on the MC portion of exam 2 (48.18 Ϯ 1.08 points) compared with GPBI (43.64 Ϯ 1.14 points, P Ͻ 0.05, d ϭ 0.667) or LI (43.75 Ϯ 1.14 points, P Ͻ 0.05, d ϭ 0.617) students. OPBI students tended to perform better on MC portions of other exams, but no other statistical significance was found ( Fig. 2A) . On the SA portion of exams, OPBI students scored better on average (55.50 Ϯ 1.20 points) compared with GPBI (49.79 Ϯ 1.75 points, P Ͻ 0.05, d ϭ 0.619) but not LI (50.46 Ϯ 1.62 points, P ϭ 0.070, d ϭ 0.540) students (Fig. 2B) . Although there were no statistical differences between LI students and OPBI students on SA exam questions, OPBI students overall did score higher on every exam (Fig. 2B) .
Effect of PBL on High-and Low-Achieving Student Exam Performance
Low-achieving students benefited greatly from the open problem-based style of instruction (Fig. 3, C and D (Fig. 3C) . OPBI proved to be of an even greater benefit for low-achieving students on SA exam questions, with OPBI students scoring much higher on average (54.63 Ϯ 2.05 points) compared with both LI (38.04 Ϯ 3.88 points, P Ͻ 0.05, d ϭ 1.865) and GPBI (44.33 Ϯ 3.10 points, P Ͻ 0.05, d ϭ 1.109) students (Fig. 3D) .
Focusing on high-achieving students, there were no observable differences on MC exam questions between LI (58.10 Ϯ 1.37 points), GPBI (58.67 Ϯ 0.81 points), or OPBI (60.08 Ϯ 0.95 points) students (Fig. 3A) . These students also exhibited no difference on responses to SA exam questions between LI (55.74 Ϯ 1.60 points), GPBI (57.33 Ϯ 1.32 points), or OPBI (58.83 Ϯ 1.14 points) students (Fig. 3B) .
Overall Course Performance
Overall course outcome was improved for low-achieving students instructed by the OPBI method (556.81 Ϯ 20.23 points) compared with the LI (450.56 Ϯ 36.08 points, P Ͻ 0.05, d ϭ 1.265) method (Fig. 4) . In fact, while GPA was a good indicator of overall course performance, with low-achieving students scoring lower (498.38 Ϯ 17.97 points) than both average-level (573.07 Ϯ 9.07 points, P Ͻ 0.05, d ϭ 0.979) and high-achieving (614.30 Ϯ 8.66 points, P Ͻ 0.05, d ϭ 0.1.547) students, low-achieving students instructed by the OPBI method (556.81 Ϯ 20.23 points) exhibited an overall course outcome not different from that of average-level (P ϭ 0.315, d ϭ 0.283) students (Fig. 5) .
DISCUSSION
The present study set out to achieve two primary goals. The first goal was to characterize and describe two distinctive varieties of PBL with differing degrees of direct instruction (Table 1) . To be clear, neither of these methods, OPBI or GPBI, should be considered minimal guidance methods as there is significant scaffolding in place to ensure student success. The second goal was to evaluate the efficacy of these methods on student populations of diverse academic background compared with traditional lecture-style instruction. Many studies have found that PBL is a more effective method than LI, particularly when considering critical reasoning skills Open problem-based instruction (OPBI) had little effect on overall student exam performance compared to either traditional lecture instruction (LI) or guided problem-based instruction (GPBI) groups. SA, short answer. *P Ͻ 0.05 compared with the LI group;^P Ͻ 0.05 compared with the GPBI group.
and long-term knowledge retention (2, 30, 44, 46) . The results of the present study were not different, as students in the PBL groups outperformed LI students on assessment directed at critical reasoning skills (SA exam questions). There has been some controversy regarding the effectiveness of constructivist methods and the level of guidance that should accompany them (18, 21) . Leppink and colleagues (24) found that the added guidance of a GPBI course was moderately beneficial to novice, entry-level students with little or no prior knowledge of the course content. The present study found the opposite to be true in non-novice students, as the OPBI group performed moderately better than the LI group on assessments of critical reasoning skills, although GPBI group performance was generally not different. That is to say, students who have been exposed to the core concepts in previous introductory courses and have a knowledge base from which to draw will benefit more from the open-inquiry environment created by OPBI as opposed to LI or GPBI. This effect was magnified in low-achieving students. This group of students, when instructed by the OPBI method, exhibited improved content acquisition and understanding (MC exam questions) and vastly improved critical reasoning skills compared with both GPBI and LI groups (Fig. 3C) . These results indicate that typically low-achieving students are stimulated by the self-directed and collaborative nature of OPBI and subsequently are able to achieve a greater level of conceptual understanding of complex physiological subject matter.
There are five main characteristics of OPBI that may have facilitated enhanced performance in typically low-achieving students (Fig. 6) . The first is a collaborative, peer learning environment that encourages students from all academic backgrounds to work together and has been shown to increase student success in secondary and undergraduate science, technology, engineering, and mathematic education (27, 43) . Second, this method of learning includes an inherent sense of individual responsibility and self-directed learning that not only garners improved course performance but also establishes student confidence for success when they enter the professional environment. One of the biggest obstacles with these learners is motivating them in the classroom. OPBI provides an environment that motivates these students in both the traditional way (grades) as well as by creating a demand for knowledge (need to know) and holding them responsible to their peers. Next, low-achieving students benefit from the clearly-defined learning goals that are intrinsic of well-designed constructivist methods (6) . Finally, cooperative formative assessments and instructional scaffolding allows for early identification of problem areas in low-achieving students and provides a preexisting toolset to address these areas.
The collaborative environment created by OPBI is essential in regard to elevating the learning strength of low-achieving students. When students work together, the individual intellectual burden of learning can be diminished by exploiting the unique skill and knowledge sets of individual group members (17, 33, 36) . This is especially true when low-and highachieving students work together (15) . The relationship between the student and instructor is a critical aspect of collaboration within groups, and each has a specific role to play to best use the group dynamic. The instructor's role is to ensure that all students are making active contributions to their group and intervening with leading questions when needed (28, 29) . Students have many responsibilities to the group. They must contribute meaningfully to the group discussion, not only by presenting their own ideas but also by listening to the ideas of other group members and adjusting their opinions and process of thinking when necessary. Students' duties extend beyond the classroom; to effectively contribute to the team, students must come to class prepared to discuss the day's topics (12) .
The concept of extended learning beyond the classroom strongly promotes individual responsibility and the development of self-directed and self-regulated learning skills. As educators, we have some control over how students develop learning strategies and habits while they are in the classroom, but outside of the classroom, they must be responsible for their own learning. Several studies have investigated the ability of students of various achievement levels to develop self-directed learning skills and found that low-achieving undergraduate students struggle to develop these skills (1, 35) . The development of external study and learning skills could be one of the key disadvantages separating low-achieving students from their average-and high-achieving counterparts. There is substantial evidence, both qualitative and quantitative, that supports the effectiveness of PBL at developing self-directed learning skills (8, 20, 25, 45) . The results of this study suggest that the performance of low-achieving students instructed by the OPBI method is elevated to that of average-achieving students, who outperform low-achieving students instructed by LI methods (Fig. 5 and 6 ). This may be due in part to enriched self-directed learning skills in low-achieving students in the OPBL group. Interactions with other traditional higher-achieving students likely contributed significantly to assisting the lower-achieving students in improved learning skills. These aspects of how OPBI improves learning in this student group are currently being explored.
To achieve these first two objectives, the course must create a motivating learning environment that garners interest in subject matter. It has been shown that low-achieving student performance is enhanced when interest in the subject matter is high (7) . In addition to traditional motivations, such as passing examinations and earning high course grades, OPBI approaches this obstacle from a couple angles. First, the problems and tasks required of students during class periods are intrinsically motivating by creating a need to know and curiosity in the topics that persist over time (9, 16, 34) . Second, the group Fig. 4 . Low-achieving students performed better in the course when instructed by either OPBI or GPBI. The maximum possible points are represented by the dashed line. *P Ͻ 0.05 compared with the LI group;^P Ͻ 0.05 compared with the GPBI group. Fig. 5 . Low-achieving students had lower final course scores compared with both high-and average-achieving students. When low-achieving students were instructed by the OPBI method, they performed as well as average-achieving students. The maximum possible points are represented by the dashed line. *P Ͻ 0.05 compared with high-achieving students;^P Ͻ 0.05 compared with average-achieving students. Fig. 6 . Key characteristics that make OPBI such an effective tool.
dynamic motivates the individuals to come to class prepared to discuss the day's material so that they can make a meaningful contribution, thereby stimulating interest, self-directed learning and a more productive classroom environment. Finally, clearly defined learning goals (i.e., hypothesis generation, data analysis, and critical thinking skills) help to keep low-achieving students on task, interested, and motivated to learn (14, 15) . Formative assessment and instructional scaffolding are critical to ensure student success in PBL environments, and this is especially true in low-achieving students (3). The effectiveness and benefits of scaffolding in constructivist methods has been eloquently reviewed (18) . Formative assessment is an essential tool for instructors to identify conceptual areas of need, and in OPBI this is incorporated into daily classroom activities of small groups and formal class discussions. To maximize the effect of these tools it is imperative to design them to work together in a dynamic way, so that scaffolding is responsive to formative assessment. In conclusion, these data demonstrate that low-achieving students benefit from the motivating, simulating, and supportive nature of OPBI. This instructional method promotes success in this population of students. Future research on this instructional method is designed to help elucidate the potential mechanisms by which lower-achieving students improve performance from OPBI.
